INTRODUCTION
============

Hormone-dependent cancers, such as prostate, breast, uterine, and ovarian cancers, maintain the properties of their progenitor cells.[@b1-jcp-18-113] In breast cancer, steroid hormones influence the generation of tumor. Estradiol and its metabolites contribute to development of breast cancer. Moreover, hormone replacement therapy with synthetic progesterone and estrogen alleviate the risk of breast cancer.[@b2-jcp-18-113] On the other hand, hormonal effect is more complicated in ovarian cancer. Infertility is the risk factor of ovarian cancer. However, pregnancy, breast feeding, and oral contraceptive (OC) reduce the risk of ovarian cancer.[@b3-jcp-18-113]

Ovarian cancer is the seventh common gynecologic malignancies the U.S. The age-adjusted incidence rate of ovarian cancer was around 10 to 14 cases per 100,000. The overall 5-year survival rate of ovarian cancer reached 49.7% according to the FIGO 26th Annual Report.[@b4-jcp-18-113] Almost 90% of ovarian malignancies are originated from the ovarian epithelium, the surface of the ovary.[@b5-jcp-18-113]

Previous researchers investigated that the associations between ovarian cancer and sex steroid hormones have come up to the following conclusions. First, estrogen takes part in malignant transformation of ovarian surface epithelial cells. In addition, estrogen stimulates ovarian tumor growth. Supplementation of the 17β-estradiol increased 4 fold of tumor growth in ovariectomized mice model. Furthermore, 17β-estradiol stimulated the migration potential of ovarian cancer cells.[@b6-jcp-18-113] Second, progesterone may have a protective effect against ovarian cancer.[@b7-jcp-18-113] Various theories have been suggested to support the relationship between progesterone and ovarian cancer. However, these processes are not clearly organized yet. The aim of this review is to clarify protective effect of progesterone and discuss the role of pregnancy against ovarian cancer.

STEROID HORMONE
===============

1.. Steroidogenesis
-------------------

Cholesterol-derived steroid hormones are divided into glucocorticoids, mineralocorticoids, and sex steroids. Sex steroids are classified into three types of hormones, such as estrogens, progesterones, and androgens.[@b8-jcp-18-113] Ovarian follicular steroidogenesis from steroid occurs in theca and granulosa cells under two gonadotropins: follicle-stimulating hormone (FSH) and luteinizing hormone (LH). FSH stimulates the growth of the ovarian preantral follicle. When LH binds to its receptor on the theca cell, cholesterol is converted to androgen, androstenedione, and testosterone by P450scc, P450c17, and 3β-hydroxysteroid dehydrogenase. In granulosa cells, androstenedione and testosterone are aromatized to estrone and estradiol, respectively. Progesterone is derived from pregnenolone through 3β-hydroxysteroid dehydrogenase. The active metabolites of progesterone are 17-hydroxyprogesterone, pregnanediol, and pregnanetriol.[@b9-jcp-18-113]

In non-pregnant women, progesterone is produced mostly from the ovarian corpus luteum and it is in small quantities from the adrenal glands. The peripheral convertsion rate is about 1.5% for androstenedione and 0.15% for testosterone. The production rate and concentration of progesterone is different according to menstrual phase. The production rate is less than 1 mg/day in preovulatory phase and 20 to 30 mg/day in luteal phase. The concentration of progesterone is less than 1 ng/ml in preovulatory phase and 3 to 15 ng/ml in luteal phase. However, progesterone can be converted peripherally only in pregnant women. Normal levels of progesterone range according to the period of pregnancy: 9 to 47 ng/ml in first trimester, 17 to 147 ng/ml in second trimester, 50 to 200 ng/ml in third trimester, respectively.[@b10-jcp-18-113],[@b11-jcp-18-113]

2.. Functions of steroid hormones
---------------------------------

Estrogen receptor (ER) has two subtypes which are encoded by different genes: ERα and ERβ. Between the two isoforms, DNA binding domain is similar except the C-terminal ligand-binding domain (LBD) and the N-terminal transactivation domain (AF-1). ERα and ERβ showed different expressions in bone, placenta, prostate, and breast tissues. There are abundant expressions of ERα in the ovarian theca and interstitial cells, and ERβ in the ovarian granulosa cells.[@b12-jcp-18-113]--[@b14-jcp-18-113] Whereas ERα enhances the growth of hormone-dependent cancer, ERβ is known to suppress tumorigenesis of breast, colon, and prostate cancer.[@b5-jcp-18-113]

Progesterone receptor (PR) also has two types of DNA-binding forms: PR-A and PR-B. Two isoforms are encoded from the different mRNA populations of single-copy progesterone receptor gene. Alternative translational initiation event with co-activators and co-repressors on the same gene results in two subtypes of PR. PR-A and PR-B have different target gene-specific transcriptional manners, especially in promoter context. PR-B protein has an additional domain, a third transactivation function (AF3). The coactivators which bind to AF3 differentiates the function of PR-B from PR-A.[@b15-jcp-18-113] PR-B more actively inhibits transcription of ER than PR-A by competitive binding with critical transcription activators.[@b12-jcp-18-113],[@b13-jcp-18-113] Normal ovulation is sufficiently dependent on PR-A.[@b16-jcp-18-113] The loss of heterogeneity of PR is involved in 75% of ovarian cancer.[@b17-jcp-18-113]

Steroid hormones simply diffuse across the cell membrane to bind the intracellular receptor protein. Steroid hormones act by binding to steroid hormone receptors which regulate gene expressions.[@b18-jcp-18-113] The genomic biological activity of steroid hormones is dependent on the time and amount of exposure.[@b19-jcp-18-113] The stability of steroid hormone receptor is controlled by steroid-dependent genomic actions. Tissue-specific genomic action is performed at the transcription level. In MCF-7 breast cancer cells, estrogen down regulated ERα mRNA via shortening half-life from 4 hours to 40 minutes.[@b20-jcp-18-113] On the other hand, estrogen up regulated ERα mRNA via prolonging half-life from 9 hours to 24 hours in sheep endometrium.[@b21-jcp-18-113] Preovulatory LH surge decreased the expression of ERβ mRNA in rat ovarian follicle.[@b22-jcp-18-113] The activity of steroid receptor is also regulated at the protein level. Estradiol induced the degradation of ER protein in mammalian cells.[@b23-jcp-18-113]

In addition, steroid hormones have non-genomic actions with ubiquitous regulatory cascades. Steroids increases intracellular Ca^2+^ concentration with the G-protein coupled receptor and the ion channels on cell membrane.[@b24-jcp-18-113],[@b25-jcp-18-113] The function of steroid hormone is changed by phosphorylation of steroid receptors. The common sites for phosphorylation are the proteins of serine and tyrosine on ligand-binding domain of ER.[@b26-jcp-18-113] Phosphorylation of Tyr^537^ and Ser^167^ helps to dimerize ER DNA binding.[@b27-jcp-18-113] Mitogen-activated protein kinase, i.e. MAP kinase, phosphorylates the Ser^294^ site of PR, to down-regulate PR by accelerating degradation.[@b28-jcp-18-113]

STEROID HORMONE DURING PREGNANCY
================================

1.. Estrogen
------------

The 19-carbon steroids make a major role to form the estrogen. However, the 21-carbon steroids don't produce the 19-carbon steroids during pregnancy. There is low activity of steroids converting enzymes such as, 17α-hydroxylase and 17/20 desmolase (P450cc17) in human placenta. Estrogen is synthesized from the circulating precursors in maternal blood stream during pregnancy. Placental aromatase (P450arom) is in charge of producing estrogen during pregnancy.[@b29-jcp-18-113]

2.. Production of progesterone
------------------------------

Progesterone is usually synthesized from the circulating cholesterol and pregnenolone. Although maternal circulating progesterone level is approximately 10 ng/ml in early pregnancy, it reaches from 100 to 200 ng/ml in term pregnancy.[@b30-jcp-18-113] Until about the 10^th^ weeks of gestation, progesterone is produced in the corpus luteum. The luteal-placental shift which is the transition of progesterone producing organ from the corpus luteal cyst to the placenta occurs between the 7^th^ week and 10^th^ week of pregnancy ([Fig. 1](#f1-jcp-18-113){ref-type="fig"}).[@b31-jcp-18-113]

Cortisol is derived from LDL-cholesterol in the fetal liver.[@b32-jcp-18-113] Low-density lipoprotein (LDL) is the utilized form of cholesterol for the progesterone synthesis.[@b33-jcp-18-113] Estrogen makes the fetal liver to produce circulating LDL-cholesterol.[@b34-jcp-18-113] Estrogen stimulates the activity of placental P450scc enzyme which contributes to convert cholesterol to pregnenolone, the precursor for progesterone.[@b35-jcp-18-113] Human deciduas and fetal membranes synthesize progesterone. Progesterone serves as the substrate for the synthesis of glucocorticoids and mineralocorticoids in the fetal adrenal gland.

Pattern of steroid hormone production of near-term pregnant women is different from that of non-pregnant women. In non-pregnant women, the production rates of progesterone, estriol, and 17β-estradiol is 1.0--40 mg/day, 0.02--0.1 mg/day, and 0.1--0.6 mg/day, respectively. Pregnant women have more amounts of steroids because of the faster production rate. Progesterone, estriol, and 17 β-estradiol are produced at 250--600 mg/day, 50--150 mg/day, and 15--20 mg/day in pregnancy. Whereas progesterone production rate is 250 mg/day in normal singleton pregnancy, it increases to about 600 mg/day in multi-fetal gestation.[@b36-jcp-18-113] In normal intrauterine pregnancy, early-gestational serum progesterone level is higher than 25 ng/ml, while it is usually lower in ectopic pregnancy.[@b37-jcp-18-113]

3.. Role of steroid hormone during pregnancy
--------------------------------------------

Estrogen is closely related to fetal well-being. Declining estrogen level reflects fetal demise and anencephaly. Endogenous progesterone is the key steroid hormone maintaining pregnancy and keeping uterine quiescence. Progesterone level is usually maintained for several weeks after fetal demise. Progesterone withdrawal is the start of parturition. Even exogenous progestin supply after removal of the corpus luteum did not prevent miscarriage in many cases. Progesterone support has been suggested to be the emerging method to prevent preterm birth.[@b38-jcp-18-113]

OVARIAN CANCER AND PREGNANCY
============================

1.. Hypotheses for ovarian carcinogenesis
-----------------------------------------

There are several classical hypotheses for ovarian carcinogenesis. Previous studies proposed five hypotheses to explain the etiology of ovarian cancer.[@b39-jcp-18-113] The first theory is that certain sequelae after ovulation will be related to ovarian carcinogenesis. Potential carcinogenetic process includes repeated trauma and repair process to the ovarian epithelium. The more ovulation occurs, the more aberrant repair processes are induced.[@b40-jcp-18-113] The damaged fallopian tubal epithelium following ovulation generates high grade serous ovarian cancer according to this theory.[@b41-jcp-18-113] The exfoliation theory through incessant ovulation suggested that the risk of ovarian cancer depends on total number of ovulatory cycles in life.[@b42-jcp-18-113] Therefore, ovulation reducing factors are known to be protective against ovarian cancer. In a case-control study, live birth reduced the ovarian cancer risk by 57%, 70%, and 82% in women with parity of 1--2, 3--5, and \>5, respectively.[@b43-jcp-18-113] Furthermore, a previous relevant study also showed strong protective effect with increasing parity. In this study, adjusted RR for ovarian cancer risk compared to women with only one child was 0.69 (95% CI, 0.52--0.90) for those with two children and 0.30 (95% CI, 0.21--0.42) for those with three or more. It is suggested that lower exposure to ovulation is the important factor to decrease the risk of ovarian cancer.[@b44-jcp-18-113]

The second idea is that the circulating levels of pituitary gonadotropins may increase the risk of ovarian malignancy. Pituitary gonadotropin stimulates ovarian stroma to produce estrogen or estrogen precursors. These estrogen products interfere inclusion cyst to disappear in ovarian surface epithelium.[@b45-jcp-18-113] High gonadotropin help the ovarian stroma entrap the ovarian surface epithelium of the inclusion cyst, which results in carcinogenesis.[@b46-jcp-18-113] Thus, pregnancy and OC which suppress the secretion of gonadotropins have protective effect against ovarian cancer.[@b47-jcp-18-113] However, exogenous gonadotropin as a treatment of infertility was reported not to relate with ovarian tumorigenesis. In Danish population-based cohort study, use of gonadotropin did not increase the risk of ovarian cancer.[@b48-jcp-18-113]

The third hypothesis is that androgen stimulates ovarian surface epithelium to proliferate abnormally.[@b49-jcp-18-113] The association between androgen and ovarian cancer was proved by a number of epidemiologic evidences. For example, a previous cohort study has reported that mean serum level of androstenedione and dehydroepiandrosterone (DHEA) in women with ovarian cancer was higher than that in normal women (4.5 nmol/L versus 3.3 nmol, P=0.03; 15.9 nmol/L versus 9.7 nmol/L, P=0.02, respectively).[@b50-jcp-18-113]

The fourth theory is that the inflammation of the pelvic cavity is involved in ovarian carcinogenesis. Talc use increased the incidence of ovarian cancer.[@b51-jcp-18-113]--[@b54-jcp-18-113] Inflammation such as endometriosis and pelvic inflammatory disease stimulates ovarian carcinogenesis.[@b47-jcp-18-113] In a relevant study, higher levels of inflammatory markers such as IL-2, IL-4, IL-6, IL-12, and IL-13 were associated with the increased risk of ovarian cancer (ORs, 1.57, 1.50, 1.63, 1.60, and 1.42; 95% CIs, 0.98--2.52, 0.95--2.38, 1.03--2.58, 1.02--2.51, and 0.90--2.26).[@b55-jcp-18-113] Moreover, IL-1A and ALOX5 are also known as the rising factors of inherited inflammation related with ovarian carcinogenesis.[@b56-jcp-18-113]

The last theory is in regard to the ovarian stromal hyperactivity. Granulosa and theca cells produce ovarian steroid. Most of them undergo apoptosis after hormone production. Some steroid-producing cells remain in the ovarian stroma, and they still retain the ability to produce steroid.[@b39-jcp-18-113] Sustained steroid production stimulates ovarian stroma to perform the ovarian tumors. Use of OCs reduces the ovarian hyperactivity by reducing cumulative quantity of ovulation.

2.. Protective effect of pregnancy against ovarian cancer
---------------------------------------------------------

Over 3 years-use of depot medroxyprogesterone acetate significantly reduced the ovarian cancer risk by 83%.[@b57-jcp-18-113] Progesterone did not increase the number of ovarian cancer cells even though presenting with growth factors.[@b58-jcp-18-113]

Increasing parity is associated with decreased risk of ovarian cancer.[@b59-jcp-18-113] One birth history had protective effect of 93% against ovarian cancer development compared to nulliparity, because hormonal change during pregnancy induces the apoptosis of ovarian surface epithelial cells.[@b60-jcp-18-113] In a case-control study, infertility patients had 1.6 times of higher risk of ovarian cancer than fertility group.[@b61-jcp-18-113] Increased risk of ovarian cancer in infertile population was confirmed by the US Nurses' Health Study with 107,900 participants.[@b62-jcp-18-113]

Duration and completeness of pregnancy is also related with ovarian cancer risk. If active material is produced throughout pregnancy or during late-pregnancy, the gestational age will be proportional to ovarian cancer protection.[@b63-jcp-18-113] In fact, number of incomplete pregnancies failed to show significant effect on ovarian cancer prevention in many studies.[@b64-jcp-18-113] Even one more full-term pregnancy had 29% higher protective effect than incomplete pregnancy among primigravid women.[@b65-jcp-18-113] Fewer cycles of ovulation was reported to decrease the risk of ovarian cancer.[@b66-jcp-18-113] However, it is still unknown how many ovulation cycles are significant to inhibit ovarian tumorigenesis.

Maternal age is important to discuss the protective effect against ovarian cancer. The relevant studies insist that age at pregnancy is more important than number of completed pregnancies.[@b67-jcp-18-113] There are many various results about age effect on ovarian cancer. Although age at first pregnancy after 35 years represented higher risk of ovarian cancer,[@b68-jcp-18-113] age group under 19 years was more risky to develop ovarian cancer than that above 25 years.[@b69-jcp-18-113] Furthermore, risk of ovarian cancer decreased with age at delivery in primiparous women. In multiparous women, age at last pregnancy was more important to decrease the risk of ovarian cancer. Longer interval between last delivery and diagnosis of ovarian cancer was likely to increase the risk of ovarian cancer, and decrease the protective effect of pregnancy.[@b70-jcp-18-113] Thus, pregnancy was suggested to clear the malignant transformed cells from ovary.[@b69-jcp-18-113] Some investigators had the opposite opinion to the birth recency for ovarian cancer. They insisted that pregnancy had long-lasting protective effect on ovarian carcinogenesis.[@b71-jcp-18-113] Additional studies reported that period from first delivery to last delivery did not affect ovarian cancer risk.[@b72-jcp-18-113]

PROGESTERONE EFFECT DURING PREGNANCY AGAINST OVARIAN CANCER
===========================================================

1.. Reduced exposure to ovulation
---------------------------------

Ovulation is widely known as a predisposing factor in epithelial ovarian cancer. Some situations, such as late menarche, higher parity, longer duration of pregnancy, breastfeeding, and OC, that interrupt or postpone ovulation significantly reduce the risk of epithelial ovarian cancer. Because ovulation induces epithelial change, interruption of ovulation lowers the possibility of epithelial damage in ovary and fallopian tube.

Thus, frequent exposure to ovulation is a significant factor for protection against ovarian cancer. The time gap between ovulation age and protected time had positive correlation with ovarian cancer risk in matched case-control study including 150 patients with ovarian cancer. Ovulation age was defined as the period from menarche to the diagnosis of ovarian cancer or menopause in normal women. Protected time was decided as total duration of OC use and pregnancy in this study.[@b73-jcp-18-113] Higher number of lifetime total ovulation number increased the risk of ovarian cancer in an Australian case-control study. The ovulation number per year increased the risk of ovarian cancer by 6 percent (95% CI: 4--8%).[@b74-jcp-18-113] In a Mexican case-control study, ovarian cancer risk decreased 4 fold in women with ovulation-free period above 8.7 years than control group.[@b75-jcp-18-113]

2.. Integrity of ovarian surface epithelium
-------------------------------------------

Progesterone induces transcriptional change of lipid for biosynthesis and transport. These changes make high levels of intracellular cholesterol and fatty acid. Cell membranes are mainly composed of cholesterol and fatty acid. Thus, these lipid materials disturb the fluidity to maintain the integrity of ovarian surface epithelium.[@b76-jcp-18-113] Progesterone inhibits ovarian tumorigenesis with disturbance of epithelial integrity.[@b77-jcp-18-113]

3.. High levels of progesterone induces apoptosis of ovarian cancer cells
-------------------------------------------------------------------------

Progesterone had the protective effect against ovarian cancer. Apoptosis pathway which is induced p53 up-regulation is the main mechanism of progesterone-induced growth inhibition of ovarian cancer cells.[@b78-jcp-18-113] Steroid receptors interact with deranged p53 and Ki-67 which were expressed in ovarian surface epithelium. High ERα expression lowered the level of apoptosis of ovarian cancer cells.[@b79-jcp-18-113] On the other hand, ovulation is related with p53 gene mutation.[@b80-jcp-18-113] Overexpression of p53 was involved in total number of ovulatory cycles in a lifetime. Ovulatory cycles make proliferation-associated DNA damage, especially in p53-positive ovarian cancer cells.[@b81-jcp-18-113] When progesterone was added to ovarian cancer cells, p53 mRNA was transiently increased. Furthermore, progesterone encouraged p53 expression and induced apoptosis of ovarian cancer cell line.[@b82-jcp-18-113] Progestin treatment was reported to cause apoptosis of ovarian cancer cells.[@b83-jcp-18-113] In vivo study, progesterone also inhibited ovarian tumorigenesis in immune-deficient mice.[@b84-jcp-18-113] Combination therapy with progestin and medroxyprogesterone acetate achieved to kill over 85% ovarian cancer cell lines.[@b85-jcp-18-113]

Progesterone induces receptor-mediated extrinsic apoptosis by activating caspase 8.[@b86-jcp-18-113],[@b87-jcp-18-113] Fas/FasL singnalling pathway mediates progesterone-induced apoptosis.[@b86-jcp-18-113] Expression of FasL mRNA and protein were higher in ovarian cancer cell lines than in normal ovarian surface epithelium. Treatment with anti-FasL antibody and progesterone had synergistic effect to die ovarian cancer cells.[@b85-jcp-18-113],[@b86-jcp-18-113] In addition, Treatment with progesterone enhances apoptosis of ovarian cancer cells by tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). On the contrary, progesterone was involved in mitochondria-related intrinsic apoptosis via Bcl-2 family. Bcl-2, as an anti-apoptotic protein, is down-regulated by progesterone.[@b78-jcp-18-113],[@b88-jcp-18-113],[@b89-jcp-18-113] Furthermore, p53 execute the BID molecule to converge extrinsic and intrinsic pathway of apoptosis.[@b90-jcp-18-113] [Fig. 2](#f2-jcp-18-113){ref-type="fig"} shows progesterone-related apoptotic pathway.

Ovarian cancer cell lines are dependent on the concentration of progestin. Low concentrations of progesterone stimulated ovarian cancer cell proliferation with dose-dependent manner while high concentrations of progesterone inhibited it. Only 10^−3^ M of progesterone was more effective to reduce the density of ovarian cancer cells than 1 mg/ml of 5-FU. The effect of 1 mg/ml of 5-FU was same as that of 10^−4^ to 10^−3^ of mifepristone, a kind of progesterone receptor antagonist.[@b91-jcp-18-113] Normal and malignant human ovarian surface epithelial cells proliferate following progesterone concentration with inverted U-shape dose-response curves. The proliferation rate of progesterone at control and high concentration was slow to be compared with low concentration group. Furthermore, the levels of progesterone which had anti-proliferative effects are acquired during pregnancy. In other words, induction of apoptosis occurs under high-progesterone as the equivalent level during pregnancy.

4.. Progesterone as antioxidants
--------------------------------

Ovulation induces oxidative damages to the ovarian epithelium, and this process contributes to ovarian carcinogenesis.[@b92-jcp-18-113] Progesterone treatment inhibited reactive oxygen species (ROS) of ovarian cancer cell lines in time-dependent manner. ROS triggers up-regulation of p53 activation and down-regulation of anti-apoptotic BCL-2 gene expression.[@b93-jcp-18-113] Progesterone carries out transcriptional regulation of myeloperoxidase and NADPH expression.[@b94-jcp-18-113] NADPH, the main component of oxidation-reduction system, takes part in progesterone-related cytoprotection.[@b95-jcp-18-113] Ovariectomy-induced recognitive dysfunction was recovered after long-term high dose progesterone therapy via its antioxidant effects in mice model.[@b96-jcp-18-113]

5.. Progesterone level during pregnancy
---------------------------------------

Pregnancy is the only physiological condition to raise progesterone level above normal secretory phase. There is 10-fold increase in progesterone at term pregnancy compared with non-pregnant condition. Progesterone level during multifetal gestation was higher than that during singleton pregnancy. Women who had the history of twin birth showed low risk of ovarian cancer.[@b70-jcp-18-113]

CONCLUSION
==========

Sex-steroid hormones, such as estrogen and progesterone, play important role in a female hormone-dependent epithelial ovarian cancer. Pregnancy is accepted as a protective factor against ovarian cancer. High parity, duration or completeness of pregnancy, and old birth age decrease ovarian cancer risk. Progesterone induces apoptosis of ovarian cancer cells under high concentration as an equivalent level at pregnancy. Because progesterone takes charge for the protection against ovarian cancer, adjuvant progesterone therapy is expected to enhance treatment outcome of ovarian cancer.
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![Production of progesterone during pregnancy. Production site of progesterone shifts from corpus luteum to placental decidua during 7--10 weeks of gestation. High level of progesterone is produced during pregnancy, especially late term.](jcp-18-113f1){#f1-jcp-18-113}

![Progesterone functions via intrinsic (mitochondria-centered) and extrinsic (cell membrane-mediated) pathway of apoptosis. P53 is the main molecule regulating progesterone-related apoptosis.](jcp-18-113f2){#f2-jcp-18-113}
